vacancies during electrochemical cycling.
Introduction
Along with the widespread use of consumer electronics and the advent of electric vehicle transportation, massive efforts have been devoted worldwide to the development of rechargeable (i.e., secondary) batteries [1] . Novel chemistries for aqueous secondary batteries are currently being explored as possible candidates for the replacement of mature cell technologies such as Ni-Cd, Pb-acid and Ni-MH [2, 3] . Apart from being based on toxic constituents, these commercially available systems typically use either strongly acidic or alkaline electrolytes for their operation. Considerable efforts among researchers have therefore been made in an attempt to replace both the electrode materials and the electrolyte with more sustainable alternatives. A few examples using monovalent insertion cations (e.g., Li þ , Na þ ) include Li 2 Ti 2 (PO 4 ) 3 /LiFePO 4 [4] , LiMn 2 O 4 [5] , NaTi 2 (PO 4 ) 3 /Na 0$44 MnO 2 [6] as host compounds. After a demonstration that a rather mild electrolyte, i.e., ZnSO 4(aq) , instead of KOH (aq) for the well-established primary cell based on a-MnO 2 /Zn allows for a highly reversible electrochemical reaction in the Zn system, a renewed interest has sparked in exploring novel aqueous Zn-ion battery chemistries [7] . Among these, various Prussian blue analogues (PBAs) [8e12] have been suggested as attractive candidates for cathode materials which could possibly be considered for reversible electrochemical energy storage via secondary (rechargeable) cells. This is primarily a consequence of the suitable crystal structure of these compounds which consists of M(CN) 6 and M 0 (NC) 6 (M, M' ¼ transition metals) octahedra linked together by CN ligands, forming open framework structures with large cavities or channels. These channels are able to accommodate the reversible insertion/de-insertion of a large variety of cations if M or M 0 is an electrochemically active species in that desirable voltage range [9, 13, 14] .
While aqueous electrochemical energy storage systems inherently suffer from low energy densities (compared to Li-ion cells) due to the narrow electrochemical stability window of water (i.e., 1.23 V vs. SHE), they generally exhibit excellent kinetic properties due to their high ionic conductivity in water [15] , thus allowing potential applications for high-power devices. In addition, compared to non-aqueous systems, water-based ones are way safer due to the non-flammability of the electrolyte and its components.
The use of metallic Zn as an anode in aqueous systems is wellknown [16] . Its inclusion in advanced secondary batteries is justified by three main benefits. First, it is a low-cost, rather eco-friendly and naturally abundant resource. Secondly, its redox potential of À0.76 V vs. SHE allows for maximization of the operation voltage of an aqueous cell based on the redox activity of many transition metals. Thirdly, it has a high theoretical gravimetric capacity of 820 mAh g À1 due to its moderate atomic weight and the divalency of Zn 2þ . Additionally, with respect to PBAs, it has been shown that divalent insertion cations typically exhibit higher redox potentials than monovalent ones, thus opening a further opportunity for maximizing the energy densities of this type of cells [17e19]. To date, there are only a few reports of PBA cathodes being paired to a Zn metal anode [10,12,20e23] . These systems typically exhibit good electrochemical reversibility and rate performances at operation voltages centered around z1.5 V vs. Zn 2þ /Zn with gravimetric capacities in the range of 45e60 mA h g À1 at rates up to 10 C. We performed previously an in-depth investigation of the structure and properties of potassiated copper hexacyanoferrate (CuHCF) [24] . Complementary to that study, we herein examine the CuHCF framework and its electrochemical properties in a context of aqueous Zn-ion batteries. In addition to its performance in CuHCF/ Zn cells, particular attention has been given to an in operando XRD study, in which a pouch cell configuration was used to study structural changes of CuHCF in relation to the two-electron reaction associated with Zn 2þ (de)insertion. This in operando synchrotron XRD experiment was conducted with the intention to study more closely the changes in crystal structure accompanied by repeated insertion and extraction of Zn 2þ into the CuHCF framework. With aqueous Zn-ion batteries gaining interest among researchers for the previously stated reasons, combined in operando measurements are bound to provide useful insights with respect to both fundamental understanding and development of novel materials for this class of compounds. Herein, we give a simple example of studying electrochemical-structural relations using synchrotron Xray diffraction in an aqueous Zn-ion battery. This is a powerful tool that allows for very fast acquisition of data, providing in turn timeresolved information about structural changes on a time-scale in the order of seconds. For potential high-power applications, this type of investigation is therefore a suitable approach when studying these materials during or close to operational conditions.
Experimental
Two [24] . Room temperature powder X-ray diffraction (PXRD) pattern of the sample was recorded in a Bragg-Brentano geometry by means of a PANalytical X'pert PRO X-ray diffractometer using CuK a1 (l ¼ 1.5406 Å) radiation generated at 45 kV and 40 mA, with a step size of 0.026 in the 2q range 10e70 . A JEOL JSM-7401F scanning electron microscope (SEM), operated at an accelerating voltage of 1 kV and with a working distance of 2 mm, was used to study the sample morphology and related particle size. For the preparation of electrodes for electrochemical testing, the active cathode material (CuHCF PBA, as synthesized) was intimately mixed with carbon black (Super P, Timcal) and polyvinyl alcohol (PVA, 18e88, Fluka, dissolved in water at elevated temperature) binder using ball milling for 1 h. The slurry was bar-coated onto a graphite sheet (120 mm thickness, SIGRA-FLEX, SGL Carbon) which, after evaporation of the solvent, yielded electrode coatings with an active mass loading of approximately 2 mg cm À2 based on the electrode formulation utilized here, namely PBA (75%), CB (15%) and PVA (10%). The electrolyte used for galvanostatic cycling experiments was 1 M ZnSO 4(aq) . Prior to cell assembly, the electrolyte solution was thoroughly degassed using flowing Ar (g) to remove O 2(aq) . A flat Zn metal (0.25 mm thickness, Alfa Aesar) electrode served as combined counter (CE) and reference electrode (RE) of the aqueous cell. A piece of glass fiber soaked in the electrolyte was used as separator. The electrode stack was then vacuum-sealed inside a polymer/aluminum/polymer laminate to avoid atmospheric influences on the cell performance over long-term galvanostatic measurements. Electrochemical tests were performed using a Digatron BTS-600 battery testing system. In operando X-ray diffraction was measured at the beamline I711 at the MAX-Lab synchrotron source (l ¼ 0.9941 Å) in Lund, Sweden. The previously prepared electrode was sealed inside a high-density polyethylene pouch. A piece of Zn-foil (0.25 mm thickness, Alfa Aesar) was used as a counter electrode also in this case. To minimize the background level, a small hole (d ¼ 1 mm) was drilled in the foil, through which the focused beam was allowed to pass. A glass fiber separator (Whatman) was properly soaked in a 1 M ZnSO 4(aq) electrolyte solution. The flat pouch cell was mounted in transmission geometry on a goniometer head and an Oxford Titan CCD was used to collect the various diffraction patterns at appropriate time intervals during the electrochemical cycling. Data reduction was performed using the Fit2D program using LaB 6 (NIST 660a) as standard. Sequential refinements were done in the FullProf Suite [25] .
Results and discussion
The crystallinity and purity of the synthesized target phase was confirmed by means of in-house XRD measurements. The X-ray diffractogram of potassiated CuHCF ( Fig. 1a . All peaks were indexed and matched with the well-known structure with a cubic unit-cell. As evidenced by the broad peaks in Fig. 1a , the powder consists of nanocrystallites as a result of their rapid precipitation during the synthesis procedure. Consequently, SEM analysis of the highly porous CuHCF powder revealed highly aggregated, polydispersed particles with sizes in the range of 20e50 nm (Fig. 1b) . While small particles are certainly beneficial with respect to the electrochemical performance in terms of short ion migration paths, this particular stoichiometry also unavoidably leads to the presence of a significant amount of Fe(CN) 6 vacancies within the crystal structure. These crucial aspects most likely are bound to influence the resulting electrochemical performance and therefore need a careful insight. These structural considerations were elucidated previously in a detailed study in which the relationship between the synthesis conditions and the CuHCF structure was accurately investigated [24] .
In literature, the electrochemical performances of PBAs as materials for aqueous batteries are studied using a variety of cell designs, typically flooded three-electrode cells [9, 22] . In the present study, we evaluate the material in a practical configuration in cells inspired by non-aqueous Li-ion and Na-ion batteries commonly used by our group. Accordingly, a configuration of stacked electrodes enclosed in an air-tight, vacuum-sealed pouch cell was chosen. Moreover, since polyvinylidene fluoride (PVDF), commonly used as a binder in non-aqueous Li-ion batteries, is highly hydrophobic, it was exchanged with polyvinylalcohol (PVA) in order to increase the wettability of the PBA electrode as well as to rid the system of expensive and environmentally questionable fluorine. Furthermore, this particular pouch cell set-up (with a slight modification, see Fig. S2b in supporting information) allows structural changes to be studied using in operando X-ray techniques under similar experimental conditions [26] .
The electrochemical features of such a CuHCF/Zn pouch cell are presented in Fig. 2 . Here, the applied current was 60 mA g À1 , corresponding to a rate of one full charge or discharge every hour (1C), based on a practical capacity of 60 mAh g
À1
. The appearance of the voltage profiles for a selection of cycles obtained from galvanostatic (constant current) measurements, shown in Fig. 2a , changes slightly as a function of the cycle number, in accordance with previously published results. Initially, the charge curve exhibits a rather smooth one-step plateau centered at z1.6 V vs. Zn 2þ /Zn; a behavior typically associated with the (de)insertion of a monovalent cation (e.g., Li begins to dominate the electrochemical behavior. This splitting of the redox potential was shown to originate on the cathode side of the cell [12] . It was speculated that increased electrostatic repulsion within the PBA framework is responsible for this behavior, although a more recent in-depth study proposed a complex mechanism, in which Zn 2þ is able to occupy vacancies in the CuHCF host structure followed by nucleation of ZnHCF after long term cycling [20] . It can be seen in Fig. 2b that the cell exhibits rather stable cycling stability, despite having low Coulombic efficiency, a problem commonly observed for various PBA/Zn cell configurations [10] . In this configuration the cell delivers a gravimetric capacity of 50 mAh g À1 after 50 cycles with a Coulombic efficiency of 95.8%. These preliminary results on the electrochemical behavior of our CuHCF/Zn system were the point of departure of the following in operando synchrotron XRD analysis. More specifically, significant attention is given here to relating changes in the unit-cell parameter with the two-step voltage plateau, which is apparently associated with the two-electron (Cu[Fe(CN) 6 
The results of these in operando measurements are summarized in Fig. 3 , in which the top three panels (Fig. 3aec) all share the same y-axis. The main panel (Fig. 3a) displays contour maps of diffraction patterns collected at 1-min intervals at various cell voltages during the experiment. The middle panel (Fig. 3b) shows the voltage profile (continuous curve) of two galvanostatic cycles with the refined lattice parameter of the CuHCF framework (circles) superimposed. These two plots highlight the overall trend of the expansion and contraction of the unit-cell length, a, as a function of the voltage during battery charging/discharging. The third panel (Fig. 3c ) displays time derivative plots of the lattice parameter and output voltage of this battery as a way to further highlight the changes associated with the (de)insertion mechanism of Zn 2þ ions. For further clarity, the two insets in Fig. 3a show cascade plots of the evolution of individual peak positions for the (002) and (004) diffractions, respectively, during the entire evolution of the cell voltage in its two full cycles. A previous diffraction study using high energy synchrotron Xray radiation provided a reliable structural model for the partially potassiated CuHCF framework [24] . This detailed model was used as the starting point for all subsequent unit-cell parameter refinements extracted from the diffraction patterns collected during the in operando experiment. , the unitcell changes in a non-linear fashion with a relatively rapid expansion of 0.54% initially between the OCV and 1.75 V, followed by a slower expansion of 0.35% in the range of 1.75e2 V. The reason for the inverse relationship between the cation content and the unitcell expansion commonly observed in PBAs is not immediately obvious. However, this subtle feature is addressed elsewhere [27] . This observation is effectively ascribed to the lengthening of the Cu-N bond combined with the removal of an electron from the Fe-C-N- Above 2 V, the remaining electrochemical activity does not correspond to any significant change in the unit-cell parameter, indicating that the insertion-cations were successfully removed from the structural framework and that the oxidation of Fe 2þ to Fe 3þ is complete. In the XRD pattern map (Fig. 2a) , this oxidation process, along with the unit-cell expansion, are clearly visualized by the shift of the peaks toward lower angles 2q. This is clearly displayed by the (002), (022) and (004) Fig. 3c , the two-step voltage plateaus are represented by broad humps in the dE/dt curve. During each charging procedure, the da/dt curve changes in accordance with the behavior of the dE/dt plot, indicating that the Zn 2þ cations are removed from the framework in two distinct steps corresponding to the above said double-step plateau. At first, this occurs along with a more rapid unit-cell expansion followed by a further enlargement at a slightly lower rate. During the subsequent discharge process, a similar two-step plateau involving electrochemical insertion of Zn 2þ cations into the framework structure is observed. Again, the cell parameter does not change linearly and it appears, at first glance, to effectively mirror the reversal of the previous oxidation process. Curiously, the most drastic contraction of the unit-cell occurs after the main plateaus in the voltage range of 1.5e1.2 V, when a significant part of all the Fe 3þ in the CuHCF structure has already been electrochemically reduced to Fe 2þ
. Following this step, the cell voltage was pushed to a rather low limit (thereby disregarding possible effects on long-term cycling stability issues) in order to fully capture the crystal structure changes imposed on the PBA cathode during 'forceful' electrochemical reduction/cation insertion. In the fully reduced state, the refined cell parameter is 9.99 ± 0.02 Å indicating that the unit-cell contracts more strongly when Zn 2þ is the insertion cation compared to K þ . According to the superimposed comparison of the voltage profile during discharge and the unit-cell parameter, the minor plateau at z1 V vs. Zn 2þ /Zn does not correspond to any significant change in the latter, suggesting that the reduction of Fe 3þ to Fe 2þ is complete already at a cell voltage of 1.1 V. On the other hand, it was earlier suggested that this final plateau arises due to the requirement of an overpotential in order to fully insert Zn 2þ into the structure framework [11] . Alternatively, the Cu 2þ /Cu þ redox couple, which is known to be active in the CuHCF system -albeit to a low extent compared to Fe 3þ /Fe 2þ , could also be a contributing factor at low voltages [28, 29] . With these seemingly conflicting findings, clear parallels can be drawn to what was previously observed in the case of chemically potassiated K 2x/ understood, it was speculated that an additional mechanism of charge compensation involving Cu could account for this behavior. However, a later XANES analysis of the Cu K-edge did not indicate any changes in its oxidation state [30] . Here, too, it seems that a very high content of inserted Zn 2þ cations does not induce structural changes even under such particular operational conditions, at least judging solely from the changes in the cell parameter. Given the multitude of proposed explanations for the structuralelectrochemical behavior of this system discussed and referenced here, we sought to clarify further the relationships between these factors by adopting a more rigorous structural analysis of the in operando data. One previously mentioned suggestion of particular interest is that CuHCF cathodes can be subjected to poisoning by Zn 2þ in the Fe(CN) 6 vacancies along with nucleation of ZnHCF after long-term cycling. In order to address this possible scenario, we have investigated also the Zn 2þ occupancies at two distinct crystallographic sites within the copper hexacyanoferrate structural framework. However, determining exactly where Zn 2þ resides within the cavities/channels is not a straightforward task. While the most obvious position to consider is the 8c site (¼, ¼, ¼) at the center of each unit cell octant, the large cavities as well as the presence of water in the form of a solvation shell and additional Note that the dE/dt axis has been truncated in order to highlight the inflection points of the two-step plateaus. Note also that the central non-shifting peak at z17 is due to cell hardware.
zeolitic water could in principle allow Zn 2þ to occupy a split position at the 32f and 48g sites, too. From a refinement point of view, these models are difficult to distinguish e especially given the limitations imposed by the data quality in this case. For this reason, the simplest possible model was chosen here, in which Zn 2þ primarily occupies the 8c site. This is an assumption backed up by a recent model obtained from neutron diffraction in the analogous potassium system [30] . For the sake of simplicity, zeolitic water molecules were omitted from the model. Hence, the presented results should be viewed as tentative. Fig. 4aeb displays the same experimental diffraction data of the cell in the fully discharged state (i.e., high Zn 2þ content) described by two different crystallographic models. It is observed in the experimental data that the (111) peak is practically extinguished. The (111) lattice plane intersects the 8c site (¼, ¼, ¼) in the structure, and is therefore sensitive to the occupancy at the center of each cavity within the framework. In this sense, it is surprising to observe such a low intensity for this peak when the insertion cation content is high. To address this peculiarity, the model was adjusted in order to account for the modified intensity of the (111) reflection. This was achieved by considering the possibility of Zn 2þ occupying the vacant Fe(CN) 6 sites rather than the center of the tunnels. Accordingly, the refinement was improved, ultimately suggesting that the Zn 2þ occupancies at the Fe(CN) 6 vacancy site and the cavity are ca. 18% and 12%, respectively. Subsequently, the same procedure was performed on the in operando dataset in order to monitor the changes in occupancies during the course of Zn 2þ insertion and removal processes, respectively. In this examination, the minor inflection at ca. However, it should be noted that the sum of the occupancies at both sites reaches a maximum of 36% (z1/3) in the fully 'zincated' structure, even without imposing any constraints on the occupancy factors in the refinement. Granted some margin of error and from a strictly structural point-of-view, it is therefore not necessary to consider any significant redox activity of Cu 2þ /Cu þ in order to explain the dynamic structural behavior of the system. Instead, it could be argued that the voltage plateau observed at ca. profile, the reader is referred to Fig. S3 in Supporting Information.
From an electrochemical viewpoint, on the other hand, our findings suggest that the Cu 2þ /Cu þ redox couple nonetheless should be taken into consideration in order to account for the total Zn 2þ content in the fully discharged state, based on counting the number of charges passed through the cell. Clearly, there is a complex relationship of correlated factors (i.e., two possible redox-active species, unit cell parameter, vacancies and dynamic structural rearrangements) within this intriguing system. In the second electrochemical cycle, the current density was increased to 120 mA g À1 , thus effectively cycling at a rate of 2C. Apart from the appearance of a new feature centered at 1.25 V during the charging process, both the voltage profile and the unitcell parameter followed the same general trend as the first cycle, altogether indicating a remarkable structural stability and electrochemical reversibility.
Although it was suggested that the small radius of (dehydrated) Zn 2þ is responsible for the low strain behavior of this particular PBA/Zn system, it should be stressed that the hydrated Stokes radius is likely a more relevant factor here. One of the reasons why K þ (aq) typically exhibits an electrochemical performance a cut above other alkali ions is related to its characteristic hydrated Stokes radius, which appears optimal with respect to the size of the typical channels in PBAs. In fact, r(Zn 2þ (aq) ) ¼ 4.3 Å is significantly larger than r(K þ (aq) ) ¼ 3.3 Å as a result of a higher charge density and degree of solvation of the former. This, in turn, leads to varying dependence between the cation content and the unit-cell expansion/contraction. For instance, in the case of NiHCF, the larger radius of Na þ (aq) leads only to a minor dependence of the lattice parameter on the state of charge, whereas it changes practically linearly in the case of K þ (aq) [13] . Here, we have clearly shown, in operando, a non-linear dependence for the large Stokes radius of divalent Zn 2þ (aq) under such conditions, and indeed that a slight overpotential might be required for full insertion. Furthermore, a combined computational and experimental study by Migliorati et al. [31] previously demonstrated that the hydration shell of Zn 2þ (aq) maintains a hydrogen bonding network corresponding to that of bulk water. Accordingly, it could be conceived that aside from purely steric reasons, the insertion of Zn 2þ might be affected by hydrogen bonds. Clearly, the influence of the solvation shell surrounding the cation has an impact on the (de)insertion mechanism in PBA frameworks, although a precise relationship between the hydrated cation species and associated structural strain is not fully understood at the moment. Additionally, the role of zeolitic water and H þ (aq) and/or OH À (aq) or other charge-compensating species only makes an already challenging problem more intricate.
Conclusions
In conclusion, we have demonstrated by means of an advanced in operando synchrotron XRD-study that the two-step voltage plateau exhibited by CuHCF PBA upon electrochemical insertion/ removal of divalent Zn 2þ is associated with a non-linear change in the unit-cell parameter of CuHCF. Although this behavior is different from what was observed in our previous investigation using K þ as the primary insertion cation, we also show here that a high cationic content, while Fe 2þ is mostly present, does not cause any significant changes in the overall unit-cell variation. On the other hand, the most significant structural changes are associated with the possibility of Zn 2þ swapping positions between the tunnels and the vacant Fe(CN) 6 sites in the CuHCF framework. As divalent Zn 2þ aqueous rechargeable battery chemistries have gained attention in recent times, this advanced in operando approach might prove fruitful for better cell design and a deeper understanding of these intriguing materials.
